Conditional N-Myc deletion limits the proliferation of granule neuron progenitors (GNPs), perturbs foliation, and leads to reduced cerebellar mass. We show that c-Myc mRNA levels increase in N-Myc-null GNPs and that simultaneous deletion of both c-and N-Myc exacerbates defective cerebellar development. Moreover, N-Myc loss has been shown to trigger the precocious expression of two cyclin-dependent kinase inhibitors, Kip1 and Ink4c, in the cerebellar primordium. We now further demonstrate that the engineered disruption of the Kip1 and Ink4c genes in N-Myc-null cerebella partially rescues GNP cell proliferation and cerebellar foliation. These results provide definitive genetic evidence that expression of N-Myc and concomitant down-regulation of Ink4c and Kip1 contribute to the proper development of the cerebellum.
C erebellar development is initiated during embryogenesis, but, in contrast to the rest of the nervous system, the major proliferative phase occurs postnatally. In the mouse, granule neuron progenitors (GNPs) are born from the germinal neuroepithelium within the rhombic lip at embryonic day (E)10.5 and migrate outwardly within the cerebellar primordium between E12.5 and E15.5 to form the external germinal layer (EGL) (1) . At birth [postnatal day 0 (P0)], the EGL is composed of only a single layer of GNPs overlaying the Purkinje neurons that secrete the mitogen sonic hedgehog (Shh). After birth, GNPs proliferate rapidly in response to Shh, and cells in the inner zone of the expanding EGL exit the cell cycle and migrate through the Purkinje cell layer to ultimately form the internal granule layer (IGL) of the adult cerebellum. This migratory process depletes the EGL of virtually all granule neurons by P21; however, their retrograde axons synapse with Purkinje cell dendrites within the outer molecular layer of the mature organ. Cerebellar foliation, due to the rapid expansion of the EGL and subsequent formation of the IGL, occurs during the first 2 weeks after birth, and, by 1 month of age, the cerebellum is completely formed (2) (3) (4) . The basic adult foliation pattern is present by P7 and is distinguished by 10 folia (designated I to X), each separated from one another by fissures that form along the rostral-caudal axis.
N-Myc promotes the rapid cell division of GNPs (5, 6) , whereas the related family member, c-Myc, is not detectably expressed within the proliferating outer zone of the EGL. Because it is a downstream target of Shh signaling, N-Myc overexpression can enforce the proliferation of GNPs independently of Shh signaling (5) , and, conversely, its conditional loss early during embryonic cerebellar development results in a severe GNP deficiency and failure of proper organogenesis (7) . The anatomic defects resulting from conditional N-Myc inactivation are associated with the ectopic expression of abnormally high levels of two cyclin-dependent kinase (CDK) inhibitors, p18 Ink4c and p27 Kip1 , which can be detected by immunohistochemistry in the cerebellar primordium at E12.5.
This expression contrasts with their pattern of expression during normal cerebellar development in which Ink4c is transiently expressed only within the postnatal EGL as GNPs exit the cell cycle (8) and where expression of p27 Kip1 is restricted to postmitotic granule neurons. However, unlike p18
Ink4c , p27
Kip1 is maintained in these neurons throughout adult life (9) . In mice lacking Ink4c or Kip1, the cerebella have a normal anatomic architecture, although these animals exhibit generalized organomegaly (10 -13) . GNPs isolated from Ink4c-or Kip1-null postnatal cerebella display an enhanced proliferative potential in vitro compared with those explanted from WT mice. These findings motivated us to test whether deletion of Ink4c and͞or Kip1 might rescue aspects of cerebellar development disrupted by conditional N-Myc deletion.
Results and Discussion

Impaired Postnatal Cerebellar Development in Mice Conditionally
Lacking N-Myc. Sagittal and coronal sections prepared at P30 from the cerebella of mice containing ''f loxed'' but functional N-Myc alleles (N-Myc FL/FL ) and lacking a Nestin-Cre transgene [Nes-Cre(Ϫ)] (herein designated WT mice) revealed a normal anatomical pattern consisting of 10 discrete folia (Fig. 1A a and  c) . In contrast, the cerebella of conditional N-Myc-null mice [N-Myc FL/Ϫ , Nes-Cre(ϩ)] were much smaller, displaying a significant reduction in cerebellar mass (see Table 1 ) and exhibiting a reduced number of folia, with the rostral cerebellum completely lacking an identifiable IGL (Fig. 1 Ab) . Coronal sections revealed empty spaces within the caudal IGL that would normally have contained a continuous zone of cells ( Fig. 1 A d vs. c) (14, 15) .
Because conditional N-Myc inactivation leads to the precocious up-regulation of CDK inhibitors in the cerebellar primordium (7), we reasoned that this might limit the pool of embryonic neuronal progenitors, ultimately shortening the postnatal window for genesis of the organ and resulting in formation of a smaller cerebellum. Indeed, when we counted the number of neural progenitors in the E12.5 rhombic lip and caudal part of the neuroepithelium, the progenitor pool was diminished by
Because of an absence of suitable markers, it is not known whether different cohorts of embryonic neuroblasts give rise to specific folia within the adult cerebellum, although studies have suggested that GNPs born at different times in the rhombic lip may have predetermined ''addresses'' that determine their final destination along the surface of the developing cerebellum (15) . The development of few folia and absence of the rostral cerebellum in the conditional N-Myc-null setting suggest that the remaining embryonic progenitors preferentially populate only the caudal portion of the developing organ (16) .
Quantification of the number of GNPs purified from the EGL of P10 cerebella by a two-step Percoll gradient revealed many fewer GNPs in the N-Myc-null (1 ϫ 10 6 ) organ than in those of WT (4-5 ϫ 10 6 ) animals. To determine whether the proliferation of residual GNPs in the postnatal cerebellum was also affected by N-Myc inactivation, WT and conditionally N-Mycnull mice at P8, -10, and -12 were injected i.p. with BrdU for 2 h to mark cells in S phase. Their brains were then excised and fixed, and sectioned cerebella were stained with an antibody to BrdU. In WT mice, incorporation of BrdU was detected in GNPs located in the outer layer of the EGL and in scattered astrocytes within the IGL from P8 to -12, although the levels of staining progressively decreased during this interval (Fig. 1B a-c) . Despite the fact that N-Myc-null cerebella possessed a greatly reduced number of GNPs within the EGL, these showed similar levels of BrdU incorporation as WT GNPs at P8 (Fig. 1Bd) .
Immunoblotting of equal quantities of protein extracted from purified GNPs at P6 and -8 showed no differences in the levels of p18 Ink4c and p27
Kip1 expressed in cells of WT or N-Myc-null mice (data not shown). Similarly, flow cytometric analysis of the DNA content of GNPs purified from P8 cerebella of WT and N-Myc-null mice revealed no significant differences in their cell-cycle distribution, regardless of N-Myc genotype; as expected, the fraction of cells with a 2 N DNA content progressively increased during the P10-P12 interval, consistent with the withdrawal of GNPs from the division cycle (data not shown). However, at these later times, N-Myc-null cerebella exhibited a striking deficiency in proliferating neuronal precursors, with only scattered areas of BrdU-positive GNPs observed at P10 and even fewer at P12 (Fig. 1B e and f ) . Moreover, we found no evidence of increased ␤TUBIII, cleaved caspase (in vitro) or TUNEL staining (in vivo) in N-Myc-null GNPs, indicating that these cells are not undergoing apoptosis or premature differen- tiation (17) . Therefore, N-Myc inactivation leads to a reduction in the number of neuronal progenitors in the primordial cerebellum and to the premature exhaustion of proliferative GNPs during postnatal development.
Up-Regulation of c-Myc in N-Myc-Null GNPs. Although Myc activity is required for G 1 ͞S progression during the cell-division cycle (18) (19) (20) , the proliferation of GNPs within the EGL of N-Mycnull mice at P8 was not noticeably compromised. Cre-mediated N-Myc excision, which is initiated at E9.5 and maximized by E10.5, did not eliminate all GNPs, so some progenitors may have been born earlier, or N-Myc excision could have been incomplete. Alternatively, another Myc gene might compensate for the loss of N-Myc during embryogenesis to allow the birth of some progenitors. Normally, N-Myc RNA expression predominates in the CNS and the peripheral nervous system, whereas c-Myc transcripts are undetectable (21) . N-Myc is thought to directly and negatively cross-regulate c-Myc expression (21) (22) (23) . In NMyc homozygous mutant embryos, c-Myc is expressed in the neuroepithelium, a site where it is not normally detected (21) . Enforced overexpression of c-Myc in neural progenitor cells promotes their proliferation (24) .
We therefore performed quantitative real-time PCR on total RNA extracted at P7 from GNPs purified on a Percoll gradient, as well as from a less-dense fraction containing glia, Purkinje cells, and large interneurons (Fig. 2) . Although the levels of c-Myc were relatively low in cell fractions from WT cerebella, its expression was up-regulated 5-to 6-fold in cells obtained from N-Myc-deficient cerebella (Fig. 2, dark shaded bars) . L-Myc was also expressed in GNPs, but its levels were not significantly changed in response to N-Myc disruption (Fig. 2, light shaded  bars) . Notably, L-Myc-deficient mice have no CNS defects or other obvious phenotypic abnormalities (25) . These data are most consistent with the idea that increased c-Myc expression might partially compensate for N-Myc loss. To test this hypothesis directly, we generated mice in which both the N-Myc and c-Myc genes were flanked by lox sites and then conditionally inactivated the two genes simultaneously by using Nes-Cre. Although deletion of c-Myc alone had no effect on cerebellar mass relative to whole-brain mass (P.K. and R.N.E., unpublished data), the cerebella of doubly Myc-deficient mice at P21 were significantly smaller than those from conditional N-Myc-null animals and sustained a nearly complete failure of cerebellar development. Fig. 3 shows a comparison at equal magnification of the doubly Myc-deficient cerebellum at P23 (Fig. 3A) with that of the N-Myc-null organ at E17.5 (Fig. 3B) , which, at this stage, exhibited only a small reduction in mass relative to the WT E17.5 cerebellum. The mature doubly Myc-deficient cerebellum was about the same size as that of the single N-Myc-deficient E17.5 primordial cerebellum and exhibited a strikingly similar, primitive morphology, including an aberrant residual rhombic lip devoid of GNPs. In contrast to the effect on GNPs, disruption of N-Myc, c-Myc, or both genes did not appear to affect the development of Purkinje cell neurons. Indeed, the large cells that continued to populate the P23 cerebella of the doubly Mycdeficient mice stained positively with antibodies to calbindin, a Purkinje cell marker not expressed by GNPs (data not shown). Therefore, although its expression does not restore normal cerebellar development, c-Myc up-regulation contributes specifically to the proliferative potential of N-Myc-null GNPs.
Inactivation of Ink4c and Kip1 Partially Reverses Defects in Cerebellar
Development Arising from N-Myc Deficiency. Because previous results implied that N-Myc might control the number of GNPs by down-regulating the expression of p18 Ink4c and p27
Kip1 during embryonic stages of cerebellar development (7), we designed a breeding program that would yield conditional N-Myc-null mice also lacking Ink4c, Kip1, or both genes. At maturity, the N-Mycnull brain is Ϸ2-fold reduced in mass, but its cerebellar mass is disproportionately reduced by Ϸ3-to 4-fold (Table 1) . Disruption of Kip1 in addition to N-Myc attenuated the decrease in overall brain mass, including that of the cerebellum, whereas lesser compensatory effects of Ink4c loss were limited to the cerebellum. These findings point toward a more specific role for p18 Ink4c in the formation of the cerebellum, whereas p27 Kip1 appears to act more globally throughout the brain.
Staining of sections from 1-month-old Ink4c, Kip1, N-Myc triple-null cerebella revealed a partial but significant and reproducible rescue of the size and number of folia compared with matched N-Myc-null cerebella (Fig. 4 d vs. a, and Table 1 ). The sizes of the cerebella of P6 mice were increased when Ink4c, Kip1, or both were inactivated (Fig. 4 f-i) . Although the EGL was not intact along the surface of the N-Myc-null P10 cerebellum (Fig. 4k) , a complete and thicker EGL was present on the cerebellar surface of N-Myc-null mice lacking Ink4c, Kip1, or both (Fig. 4 l-n) . Although inactivation of Ink4c and Kip1 in the N-Myc-null setting improved cerebellar mass and foliation, defects were still apparent when compared with WT cerebella at similar stages of development (Fig. 4 e, j, and o) . In vivo BrdU injections, followed by immunostaining, confirmed that loss of Ink4c and Kip1 prolonged proliferation within the EGL of P10 cerebella from N-Myc-null mice (Fig. 4 p-s) .
Because Ink4c or Kip1 inactivation provides otherwise WT GNPs with an increased proliferative potential in culture (8, 9) , and because previous studies suggested epistasis between Myc and these CDK inhibitors (7), we tested whether the same would hold true for GNPs lacking functional N-Myc. We assessed the proliferation in culture of GNPs purified by a two-step Percoll gradient from the P8 cerebella of mice with different genotypes. Equal numbers of cells were cultured for 2 days in the presence of Shh, and proliferation was measured by the percentage of cells incorporating BrdU after a pulse during the last 6 h in culture. The net incorporation of BrdU at this later time (approximately equivalent to the P10 state in vivo) provides a measurement of the relative fraction of cells that have remained in cycle.
A high percentage (45.2 Ϯ 2.6%) of WT cells incorporated BrdU under these conditions, whereas the relative S-phase fraction of GNPs lacking N-Myc was markedly reduced (12.2 Ϯ 2.2% BrdU-positive cells). In contrast, when Ink4c or Kip1 were lost, equal numbers of GNPs lacking N-Myc exhibited an increased proliferative potential (19.0 Ϯ 7.4% and 19.2 Ϯ 5.1%, respectively). Coinactivation of both CDK inhibitors further increased BrdU incorporation to 33.1% Ϯ 2.1%. The observed differences between the levels of BrdU incorporated into GNPs of N-Myc-null and triple-null (TKO) mice, and between TKO and WT mice, are highly significant (both P Ͻ 0.0002, t test). Thus, the loss of Ink4c, Kip1, or both prolongs the time that Shh-stimulated N-Myc-null cells remain in cycle when cultured ex vivo.
In summary, a primary effect of N-Myc inactivation occurs during embryonic development when the number of neuroepithelial progenitors in the cerebellar anlage is reduced, and both p18
Ink4c and p27 Kip1 are ectopically up-regulated (7) . N-Myc loss also limits the proliferative response of postnatal GNPs to Shh, further restricting the duration of the proliferative phase in the EGL, perturbing foliation, and leading to a dramatic reduction in cerebellar mass. However, conditional inactivation of N-Myc is compensated in part by the expression of c-Myc, which is normally absent in proliferating postnatal GNPs. In turn, disruption of Ink4c and Kip1 in an N-Myc-null background increased the number of folia and the overall mass of the organ.
Although, this rescue of N-Myc deficiency was by no means complete, it is remarkable in the sense that the gene is a regulator of global chromatin remodeling (26) that affects the expression of many polymerase I, II, and III transcripts (26) (27) (28) . Among N-Myc's many effects is its ability to drive cell-cycle progression mediated not only by down-regulation of CDK inhibitors, but also through induction of D-type cyclins and CDKs (29) and by activation of many other genes governing cellular energy metabolism and growth (30) . Interestingly, previously reported attempts to rescue proliferative function in Myc-depleted cells by introducing libraries of other genes or by Kip1 deletion have been unsuccessful (31, 32) . Our results now provide direct genetic evidence that expression of N-Myc and concomitant downregulation of Ink4c and Kip1 contribute to proper development of the cerebellum.
Materials and Methods
Mouse Husbandry. N-Myc-null mice were generated by crosses between N-Myc FL/FL and Nes-Cre transgenic animals as described (7). These mice were then bred with Ink4c-null (33), Kip1-null (10), or c-Myc FL/FL (34) mice to generate compoundmutant animals, taking into account the fact that Kip1-null females are sterile and that Ink4c-Kip1 double-null mice develop pituitary gland tumors early in life (see Fig. 5 , which is published as supporting information on the PNAS web site). Mouse genotyping was performed as reported for N-Myc-null (7) Histology and in Vivo BrdU Immunostaining. Labeling of GNPs in vivo was performed by i.p. injection of BrdU (40 l of 5 mg͞ml BrdU per g of mouse body weight) for 2 h. Brains were harvested and fixed overnight at 4°C in 4% paraformaldehyde. Brains were cut in half, and both sides were embedded in paraffin to obtain sagittal sections. For coronal sectioning, only the cerebellum was embedded. Sections of 5 M were stained with H&E or with an antibody to BrdU as described (8) .
Purification of GNPs and in Vitro Proliferation Assays. Cerebellar granule cells were prepared by using a protocol (35) modified as described (8) . Briefly, postnatal cerebella were triturated into single-cell suspensions that were loaded onto a two- Real-Time PCR. Total RNA from the cerebella of WT and N-Myc-null mice at P7 was extracted by using Trizol (Invitrogen). Quantitative real-time PCR was performed by using a 7900HT Sequence Detection System (Applied Biosystems) and the TaqMan One
Step PCR Master Mix Reagents kit (Applied Biosystems). Total RNA extracted from WT cerebella was used to generate standard curves for relative quantification, and 18S ribosomal RNA assay reagents (Applied Biosystems) were used as an internal standard. Oligonucleotide primers and a TaqMan probe for each gene were designed by using Primer Express version 2.0 software (Applied Biosystems). Primer͞TaqMan probe sets for murine genes were c-Myc, 5Ј-GCCCCTAGTGCTGCATG (forward), 5Ј-CCACA-GACACCACATCAATTTCTT (reverse), and 5Ј-CACCAC-CAGCAGCGACTCTGAAGAAG (TaqMan probe); L-Myc, 5Ј-CAGGCCTGCTCCGGGT (forward), 5Ј-TCCACGGT-CACCACGTCA (reverse), and 5Ј-AGAGCCCCAGCGAT-TCTGAAGGTGAAG (TaqMan probe). Real-time PCR was performed with 50 ng of total RNA of each sample in triplicate reactions in a 50-l volume containing 100 nM primers and 50 nM probe. Cycling conditions were 25°C for 10 min, 48°C for 30 min, and 95°C for 10 min, followed by a 40-cycle amplification of 95°C for 15 s and 60°C for 1 min. Data were analyzed by using SDS version 2.0 software (Applied Biosystems) and normalized to the internal 18S rRNA level (36) .
